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P680Most of the chlorophyll (Chl) cofactors in photosystem II (PSII) from Acaryochloris marina are Chld, although a few
Chlamolecules are also present. To evaluate the possibility that Chlamay participate in the PD1/PD2 Chl pair in PSII
fromA.marina, the PD1•+/PD2•+charge ratiowas investigatedusing thePSII crystal structure analyzed at 1.9-Å resolution,
while considering all possibilities for the Chld-containing PD1/PD2 pair, i.e., Chld/Chld, Chla/Chld, and Chld/Chla pairs.
Chld/Chld andChla/Chldpairs resulted in a large PD1
•+population relative to PD2
•+, as identiﬁed in Chla/Chlahomodimer
pairs in PSII from other species, e.g., Thermosynechococcus elongatus PSII. However, the Chld/Chla pair possessed a
PD1•+/PD2•+ ratio of approximately 50/50, which is in contrast to previous spectroscopic studies on A. marina PSII. The
present results strongly exclude the possibility that the Chld/Chla pair serves as PD1/PD2 in A. marina PSII. This article
is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to Artiﬁcial.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
The reaction center of photosystem II (PSII) is composed of a D1/D2
heterodimer, harboring the chlorophyll a (Chla) pair PD1/PD2, the acces-
sory Chla ChlD1/ChlD2, two pheophytin a PheoD1/PheoD2, two quinones,
and two additional Chla ChlZ(D1)/ChlZ(D2) molecules as redox active co-
factors. P680, which absorbs light at a wavelength of 680 nm, is formed
among these Chlamolecules. Excitation of P680 leads to the formation
of the ChlD1•+ PheoD1•− state [1–3], followed by the [PD1/PD2]•+ PheoD1•−
state. The resulting [PD1/PD2]•+ state serves as an electron abstractor
for the oxygen-evolving complex (OEC). Thus, water oxidation is ulti-
mately achieved by the high redox potential for one-electron oxidation
(Em) of P680. To date, the Em(P680) value has not been directly
measured in experimental studies. Instead, the Em(P680) value has
been estimated mainly from measured Em values of other cofactors.
The Em(P680) value was ﬁrst estimated to be 1.1 V by Klimov et al. in
1979 on the basis of the Em value of pheophytin, measured
as −0.61 V at pH 11 [4]. Subsequently, Rutherford et al. supported
this claim, also estimating that the Em(P680) value was 1.1 V [5]. Inl, chlorophyll; OEC, oxygen-
, quantum mechanical/molec-
coccus elongatus; T. vulcanus,
ynthesis Research for Sustain-
rights reserved.contrast, very low Em(P680) values, between 0.8 and 0.9 V, were
reported by Watanabe, Kobayashi, and colleagues [6–8]. After the PSII
crystal structure from Thermosynechococcus elongatus was reported
with 3.8-Å resolution [9], Rappaport et al. estimated that the
Em(P680) was 1.26 V [10], based on measurement of the Em(QA) (ap-
proximated to be −30 mV by Rutherford, Krieger, and colleagues
[11,12]) in PSII from Synechocystis PCC 6803 [10]. This measurement
was higher than previously reported [4,5]. In 2005, Grabolle and Dau
reported a similar value of 1.25 V [13]. On the basis of the PSII crystal
structure at 3.0-Å resolution [14], Ishikita et al. reported Em(PD1) and
Em(PD2), .i.e., Em for the Chla monomer, to be 1.1–1.2 V by solving the
linearized Poisson–Boltzmann equation and considering the proton-
ation states of all titratable sites [15]. Recently, Kato et al. reported
that the Em(P680) was 1.17–1.21 V, extrapolated from an Em(PheoD1)
value of −0.5 V [16] measured at physiological pH (6.5) in PSII from
T. elongatus. From these studies, it appears that the Em(P680) value
reaches 1.1–1.2 V (reviewed in Refs. [17–20]), a value signiﬁcantly
higher than the Em of monomeric Chla in organic solvents.
Following initial charge separation in the reaction center of PSII, the
positive charge is distributed over PD1/PD2, resulting in a PD1•+/PD2•+ state.
The PD1•+/PD2•+ ratio (or the corresponding spin density distribution) was
reported to be 82/18 from ENDOR studies of spinach PSII [21] or 80/
20 from ﬂash-induced spectroscopic studies of Synechocystis PCC 6803
PSII [22], suggesting a preferential localization of the cationic state on
PD1 over PD2, irrespective of the high similarity in D1 and D2 protein
sequences [23]. The cause of the asymmetric distribution of the cationic
state has been attributed mainly to the electrostatic asymmetry of the
1192 K. Saito et al. / Biochimica et Biophysica Acta 1817 (2012) 1191–1195D1/D2 residue pairs due to the presence of the OEC and associated func-
tions in the D1 protein subunit side (secondary to the geometrical
asymmetry of PD1/PD2 chlorophylls) [24]; this is in contrast to the cat-
ionic state distribution of the corresponding Chl pair in PSI [25].
Chld is the major Chl pigment in Acaryochloris marina (making up
more than 95% of the Chl pigments), although some Chla (less than
5%) is also present [26–29]. In A. marina grown under high iron condi-
tions, the pigment content per 2 pheophytin a (i.e., PheoD1 and
PheoD2) was estimated to be 1.4 Chla [29]. Recent studies have sug-
gested that the pigment stoichiometry of 2 pheophytin a in the A. mari-
na PSII comprises 29.6±1.2 Chld and 1.9±0.1 Chla molecules [30].
Although the majority of the Chl is Chld, characteristic for the A. marina
PSII, the origin of the minor Chl (Chla) is a serious question. Chld and
Chla differ geometrically in their chemical group at the C31 atom
position; Chld possesses a formyl group at this position, whereas Chla
possesses a vinyl group (Fig. 1).
There is no direct evidence demonstrating that Chla is actually locat-
ed in the reaction center of the A. marina PSII (see statements in Ref.
[31]). However, observation of the accumulation of the cationic state
on a single Chla molecule (i.e., bleaching at 435 nm and increase in
absorption at 820 nm) in A. marina PSII by Schlodder et al. [31] should
be considered, particularly in terms of the fact that prior studies have
shown the accumulation of a cationic state speciﬁcally at PD1 in PSII
from spinach [21], Synechocystis PCC 6803 [22], and T. elongatus
[32,33]. Thus, Schlodder et al. proposed that PD1/PD2 is a Chla/Chld het-
erodimer [31,34]. In addition, Cser et al. [35] concluded that the mea-
sured Em(PheoD1) value in the A. marina PSII was the same as that in
Chla type PSII and proposed that Chla was involved in the primary
donor of the A. marina PSII. To unambiguously conﬁrm this, however,
one must clarify how the PD1/PD2 moiety of the A. marina PSII is able
to discriminate between the minor species Chla and the major species
Chld and speciﬁcally uptake a Chlamolecule at the PD1 position.
On the other hand, Tomo et al. proposed that PD1/PD2 is a Chld/Chld
homodimer [36,37]. An advantage of the Chld/Chld homodimer model
is that Chld is the major species in the A. marina PSII, and thus, this
model does not have to rationalize the speciﬁcity of Chla at PD1. In
contrast to the results by Cser et al. [35], Tomo et al. [36] or Allakhverdiev
et al. [38] observed that Em(PheoD1) in the A. marina PSII was by ~80 mV
higher than in the Synechocystis PCC 6803 PSII. Interestingly, the(a) 
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Fig. 1. Structure of (a) Chld and (b) Chla using theexperimentally measured Em value for Chld in DMF is ~70 mV higher
than that of Chla [39]. The essentially same shift as observed in the
Em(PheoD1) difference between the two PSII proteins suggests the
energetic conservation of light-induced charge separation and water
oxidation among PSII species including the Chld-containing PD1/PD2
pair, preferring the Chld/Chld homodimer model over the Chla/Chld
heterodimer model [38]. To support the Chld/Chld homodimer model,
the researchers also presented light-induced Fourier transform infrared
(FTIR) spectra of both the A. marina PSII and the Synechocystis PCC
6803 PSII [36]. The 1100–1800 cm−1 region of the A. marina PSII clearly
indicates that approximately 80% of the cationic state was localized on a
single Chl. Based on the high similarity of the D1/D2 protein sequences
between the A. marina PSII and, for instance, the T. elongatus PSII
(Fig. S1, supporting information), the cationic state is likely to be more
populated on PD1 than PD2. Thus, one can conclude that the PD1•+/PD2•+
ratio is approximately 80/20 for the A. marina PSII, as observed in PSII
from spinach [21], Synechocystis PCC 6803 [22], and T. elongatus
[32,33]. Because the CH stretching vibration of a formyl group corre-
sponds to a peak at approximately 2700 cm−1 (see Refs. [36,40,41]
and Refs. therein), it would be helpful to investigate this region to
distinguish between Chla and Chld in PD1/PD2. However, the absorbance
in this region is approximately 10 times weaker than that of the
1100–1800 cm−1 region of the A. marina PSII [36] (and also in the
A. marina PSI [40,41]), making it difﬁcult to assess and adding to
the debate on PD1/PD2 Chl models in the A. marina PSII.
All of these debates ultimately arise from the lack of structural infor-
mation for the A. marina PSII. The exact molecular geometry surround-
ing the PD1/PD2 Chl in the A. marina PSII remains unknown due to the
lack of a crystal structure. Since the A. marina PSII possesses a high de-
gree of D1 and D2 protein sequence similarity to the T. vulcanus PSII
or the T. elongatus PSII (Fig. S1, supporting information), we investigat-
ed the relationship between a possible Chl pair at the PD1/PD2 position
(i.e., Chld/Chld, Chla/Chld, and Chld/Chla) and the cationic state charge
distribution over the PD1/PD2 pair, using the T. vulcanus PSII crystal struc-
ture analyzed at a 1.9-Å resolution [42]. To calculate the PD1•+/PD2•+ ratio
for the PD1/PD2 Chl dimer, we used a large-scale quantum mechanical/
molecular mechanical (QM/MM) approach, with the explicit treat-
ment of the complete PSII atomic coordinates, deﬁning the PD1/PD2
dimer as the QM region and the remaining protein subunits–cofactors(b)
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tumchemically in the presence of the PSII electrostatic protein
environment.
To avoid an uncertain prediction of the protein structure, we used
the original protein atomic coordinates of the T. vulcanus PSII crystal
structure [42], without performing homology modeling for the A. mari-
na PSII. The present results should be interpreted within this limiting
condition. Nevertheless, the present procedure is currently the best
option for investigating this phenomenon in the absence of high-
resolution crystal structures of the A. marina PSII. Although the identity
of the amino acid sequence of the D1 protein, e.g., the region at 191 to
210 near the axial ligand of PD1 (i.e., D1-His198) is 80%, not speciﬁcally
high, there is essentially no signiﬁcant difference in their electrostatic
characters (e.g., no [charged residue]/[uncharged residue] difference
at the corresponding position in the two D1 proteins), which will not
affect the PD1•+/PD2•+ energetics. Indeed, it has been suggested that the
structure of the A. marina PSII reaction center is similar to the PSII in
Chla organisms (see Ref. [31] and Refs. therein). In the A. marina PSII,
delayed ﬂuorescence from Chla was observed as a result of charge re-
combination [36,43], which may suggest that ChlD1 should be also in-
vestigated together with PD1/PD2 (i.e., in terms of ChlD1 as an initial
donor in PSII [1–3]). Due to the large system size, we did not include
ChlD1 and ChlD2 in the QM region. Nevertheless, to the best of our
knowledge, this is the ﬁrst study that clearly demonstrates the cationic
charge distribution and spin density distribution over all possible com-
binations of Chld and/or Chla pairs at the PD1/PD2 position in the PSII
protein environment.
2. Methods
As demonstrated in the previous article [24,25], we employed the
following systematic modeling procedure: We constructed a realistic
molecular model of the whole PSII complex using the recent high-
resolution crystal structure. To obtain deeper insight into the electronic
structure of PD1/PD2 Chl dimer, which is the key molecule of the photo-
system II reaction center, we performed large-scale QM/MM calcula-
tions for the entire PSII complex. Technical details of each modeling
procedure are identical to those used in previous studies on PSII [24]
and PSI [25] and summarized as follows.
2.1. Coordinates
The atomic coordinates of PSII were taken from the X-ray structure
of the PSII complexes from T. vulcanus at 1.9 Å resolution (PDB ID:
3ARC) [42]. Hydrogen atoms were generated and energetically
optimized with CHARMM [44], whereas the positions of all non-
hydrogen atoms were ﬁxed, and all titratable groups were kept in
their standard protonation states, i.e., acidic groups were ionized and
basic groups were protonated. For the QM/MM calculations, we added
additional counter ions to neutralize thewhole system. To avoid unnec-
essary artifacts of the protein side chain geometry, we used the original
protein atomic coordinates of the T. vulcanus PSII crystal structure [42],
without performing homology modeling of the A. marina PSII. Accord-
ingly, atomic coordinates of the cofactors expect for the PD1/PD2 Chl
pair were kept as in the original T. vulcanus PSII crystal structure.
2.2. Atomic partial charges
Atomic partial charges of the amino acidswere adopted from the all-
atom CHARMM22 [45] parameter set. The charges of the protonated
acidic O atoms were increased symmetrically by +0.5 unit charges to
implicitly account for the presence of a proton. Similarly, instead of re-
moving a proton in the deprotonated state, the charges of all of the pro-
tons of the basic groups of Arg and Lys were diminished symmetrically
by a total unit charge. For residues for which the protonation states
were not available in the CHARMM22 parameter set, appropriatecharges were computed [46]. For the cofactors (e.g., the OEC cluster,
Chla, Pheoa, and quinones), the same atomic charges as in previous
computations of PSII [24] were used.
2.3. OEC models
In the S1-state, the valences of the 4 Mn atoms are most probably
(III, III, IV, and IV). The exact valences of the individual Mn atoms are
unclear; however, we found that changing the charge distribution of
eachMn atom from the above distribution did not affect our calculation
results signiﬁcantly [24]. The protonation states of the O atoms (and
thus the net charge of theOEC atoms) in theOEC cluster remain unclear.
Although O1, O2, and O3 are likely to be unprotonated O2− based on
observations of the OEC geometry, the protonation states of O4 linking
Mn3 and Mn4 in the Mn3CaO4-cubane, and O5 in one of the corners of
the cubane linkingMn4 and the cubane, necessitate more deep investi-
gation as they might be O2−, protonated OH−, or even H2O. Due to the
uncertainty, we evaluated all possible combinations of the O4 and O5
protonation states and we tentatively used the O4H− O5H− model
(see Ref. [24] for further details).
Except for a few examples [47], the spin coupling of the Mn ions has
not been considered in a number of studies where the PSII protein
environment was explicitly modeled (e.g., recent QM/MM studies on
the S1-statemodel ofOECbyBatista, Brudvig, and coworkers [48]). In par-
ticular, (i) our focus is not on the OEC cluster, (ii) the OEC cluster was in-
cluded in the MM region (see below [24]), and (iii) the atomic charges of
OEC do not differ signiﬁcantly among the different spin structures [47].
Thus, the spin coupling was not considered in the present study.
2.4. QM/MM calculations
In all QM/MMcalculations reportedhere, we employed the so-called
electrostatic embedding QM/MM scheme. In all QM/MM calculations,
we used the Qsite [49] program code. Electrostatic as well as steric
effects created by complex PSII architecture were explicitly considered
in all present calculations. Due to the large system size of PSII, the QM
region was limited to the PD1/PD2 Chl dimer for simplicity, while other
protein units and all co-factors were approximated by the MM force
ﬁeld. Since we have optimized the atomic partial charges for the OEC
cluster, Chla, Pheoa, and quinones, the present QM/MM partition was
accurate enough to describe the electronic structure of the [PD1/PD2]•+
Chl dimer. To reliably determine the cationic character of [PD1/PD2]•+
Chl dimer, we employed the unrestricted DFT method with the B3LYP
functional and LACVP* basis sets. The detailed geometry of [PD1/PD2]•+
Chl dimer was reﬁned by the constrained QM/MM optimizations; the
surrounding protein environmentwas considered as theMMwhose at-
omistic coordinates were exactly ﬁxed with the original X-ray coordi-
nates. After obtaining the stable geometry of QM fragment, we then
determined the ESP charges for the cationic state of [PD1/PD2]•+ Chl
dimer in the presence of the entire PSII atomic coordinates (Table S1,
supporting information).
3. Results and discussion
3.1. Orientation of the formyl group in Chld
Chld molecules at the PD1/PD2 position were modeled by replacing
the vinyl group of Chla in the T. vulcanus PSII crystal structurewith a for-
myl group. The position of this newly-introduced formyl group of Chld
was reﬁned by the constrained QM/MM optimizations in the PSII pro-
tein environment as described above. Two orientations of the formyl
group were energetically stable; one with the carbonyl O atom being
oriented to the C5 H atom (Fig. 2a) and another one with the formyl
group ﬂipped along the C3–C31 axis (Fig. 2b).
The former orientation was slightly (by ~3 kcal/mol) more stable
than the latter the monomeric form of Chld in vacuum. In contrast, in
Table 1
Calculated values (%) for the PD1•+/PD2•+ ratio and spin density distribution in the D1/D2
subunit of the Thermosynechococcus vulcanus PSII [42].
Charge Spin
PD1•+ PD2•+ PD1 PD2
[whole PSII]
Chla/Chla (T. vulcanusa) 76.9 23.1 80.1 19.9
Chld/Chld (Tomo et al.b) 76.5 23.5 85.1 14.9
Chla/Chld (Schlodder et al.c) 85.1 14.9 95.2 4.8
Chld/Chla 56.7 43.3 55.8 44.2
a See Ref. [24].
b See Refs. [36,37].
c See Ref. [31].
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(by ~3 kcal/mol) more stable than the former in all cases investigated,
i.e., the dimeric form (Chla/Chld, Chld/Chla, and Chld/Chld). Hence, the
conformer in Fig. 2a is advantageous in terms of intramolecular interac-
tion energy (i.e., monomeric Chl itself) because the negative charge of
the formyl O atom can be more stabilized by the proximity of the posi-
tive charge of the C5 H atom. On the other hand, in the PD1/PD2 pair, the
conformer in Fig. 2b appears to be slightly advantageous in terms of the
intermolecular energy (i.e., interaction with another Chl. We will not
focus on elucidation of further details in the present study.). Thus, we
focused on the latter orientation of the Chld formyl group (Fig. 2a) to in-
vestigate the cationic state distribution over the PD1/PD2 pair in the PSII
protein environment.
The formyl groups of PD1 and PD2 were located at a van der Waals
distance (~3.5 Å) from D1-Met183/D2-Leu182 and D1-Phe206/
D2-Leu206 in the geometry of the T. vulcanus PSII (Table S1, supporting
information). These residue pairs correspond toMet/Leu and Leu/Leu in
the D1/D2 protein sequences of the A. marina PSII, respectively (Fig. S1,
supporting information). Although it has been reported that the pres-
ence of an H bond partner for Chl affects the distribution of the cationic
(spin) state over the Chl pair (e.g., in PSI [25,50]), the present analysis
suggests that the formyl groups will not possess H-bond partners in
the A. marina PSII.
3.2. PD1
•+/PD2
•+ ratio
Tomo et al. proposed that the PD1/PD2 pair in the A. Marina PSII
was composed of a Chld/Chld pair [36]. The corresponding calculated
PD1•+/PD2•+ ratio for the Chld/Chld pair was 76.5/23.5 in the whole PSII
(Table 1), which is essentially the same as that of the Chla/Chla pair pre-
viously reported for the T. vulcanus PSII (76.9/23.1 [24]). The Chla/Chld
pair, which was proposed by Schlodder et al. as the PD1/PD2 pair in the
A. Marina PSII [31], also resulted in a similar PD1•+/PD2•+ ratio of 85.1/14.9
(Table 1).
On the other hand, the Chld/Chla pair resulted in a PD1•+/PD2•+ ratio of
approximately 50/50 (Table 1). Such a ratio was not proposed by
Tomo et al. [36] or Schlodder et al. [31]. Because the cationic state distri-
bution over the Chl pair is associated with the redox potentials for the
Em of the 2 Chl monomers [24,25,51,52], similar amounts for the PD1•+
and PD2•+ populations imply that the Em values of the 2 monomeric PD1
(Chld) and PD2 (Chla) Chls are also similar. The experimentally mea-
sured Em value for Chld in DMF is approximately 70 mV higher than
that of Chla [39]. This Em difference between Chld and Chla is almost
in the same range as the Em difference between PD1 and PD2, previously
measured as 70–100 mV in the T. vulcanus PSII [24]. Thus, a Chld/Chla
pair should yield isoenergetic Em values for the 2 monomeric Chls.
Thus, we can conclude that the Chld/Chla pair is unlikely to represent
the PD1/PD2 pair in the A. marina PSII.
Hence, it appears that both the Chld/Chld pair [36] and the Chla/Chld
pair [31] are still possible candidates for the PD1/PD2 pair in theA.Marina(a) (b)
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Fig. 2. Possible orientations of the formyl group in Chld; (a) one with the carbonyl O
atom being oriented to the C5 H atom and (b) another one with the formyl group
ﬂipped along the C3–C31 axis.PSII. The reported localization of approximately 70–80% of the cationic
state on PD1 in FTIR studies by Tomo et al. [36,37] is in accordance
with the calculated PD1•+/PD2•+ ratio for the Chld/Chld pair in the present
study (Table 1). However, the observed cationic state localization on a
single Chla that was attributed to PD1 in studies by Schlodder et al.
[31] also agrees with our calculated PD1•+/PD2•+ ratio for the Chla/Chld
pair (Table 1). These subtle differences in the PD1•+/PD2•+ ratios between
the Chld/Chld pair and the Chla/Chld pair still make it difﬁcult to deter-
mine the conﬁguration of the relevant Chl pair in the A. marina PSII.
4. Conclusions
PD1•+/PD2•+ ratios for the Chld/Chld pair or the Chla/Chld pair in the
T. vulcanus PSII environment were calculated to be 76.5/23.5 or 85.1/
14.9, respectively, rendering a large PD1•+ population relative to the PD2•+
population. On the other hand, the Chld/Chla pair resulted in a symmet-
rically charged population over the two PD1 and PD2 monomers (56.7/
43.3). The present results strongly suggest that the Chld/Chla pair is un-
likely to serve as PD1/PD2 in A.marina PSII. Further detailed studies, pref-
erably on crystal structures of the A. marina PSII are required to
unambiguously conﬁrm the PD1/PD2 pair to be either Chld/Chld or
Chla/Chld.
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